Exotic forest insects and their symbionts pose an increasing threat to forest health. This is apparently true for the red turpentine beetle (Dendroctonus valens), which was unintentionally introduced to China, where the beetle has killed millions of healthy native pine trees. Previous population genetics studies that used cytochrome oxidase I as a marker concluded that the source of D. valens in China was western North America. In contrast, surveys of fungi associated with D. valens demonstrated that more fungal species are shared between China and eastern North America than between China and western North America, suggesting that the source population of D. valens could be eastern North America. In this study, we used microsatellite markers to determine population structure of D. valens in North America as well as the source population of the beetle in China. The analyses revealed that four genetically distinct populations (herein named the West, Central, Northeast and Mexico) represent the native range of D. valens. Clustering analyses and a simulation-based approximate Bayesian computation (ABC) approach supported the hypothesis that western North America is the source of the invasive D. valens population. This study provides a demonstration of non-congruence between patterns inferred by studies on population genetics and symbiont assemblages in an invasive bark beetle.
INTRODUCTION
Over the past century, rapid growth in global trade combined with environmental changes caused by human activities have led to a dramatic increase in the movement of forest insects around the world (Liebhold et al., 2012; Weed, Ayres & Hicke, 2013; Wingfield et al., 2015) . Although most forest insects that become established outside their native ranges either through range expansion or translocation to non-contiguous locations have minor impacts on invaded forests, a few exotic insect species can form tree-killing epidemics that can dramatically transform forest ecosystems (Aukema et al., 2011) . To confound matters, forest insects can co-invade with symbionts or acquire new symbionts that are themselves damaging to trees, or that otherwise facilitate the mortality caused by their vectors (Hulcr & Dunn, 2011; Ploetz et al., 2013) . Alarmingly, several of the most damaging associations between exotic forest insects and their symbionts are relatively nonaggressive in their native ranges (e.g. Haack & Rabaglia, 2013; Slippers, Hurley & Wingfield, 2015) , demonstrating that the movement of any forest insect poses a threat to forest health. As global trade increases and environmental conditions continue to change, effective management strategies are required to limit the damage caused by current and future outbreaks of invasive insects and their symbionts.
Management of an exotic forest insect and its symbionts requires substantial knowledge of the insect's invasion history (Estoup & Guillemaud, 2010) . This information can help researchers to identify high risk source populations (Ciosi et al., 2008) and pathways (Hulme et al., 2008) for future invasions, origins of damaging symbionts vectored by the invasive pest (Boissin et al., 2012) , environmental conditions or anthropogenic activities that are conducive to the movement of the invasive species (Py sek et al., 2010) , evolutionary processes such as bottlenecks, selection, and admixture that influence the spread of the insect in its invaded ranges (Dlugosch & Parker, 2008) , potential biological control agents from the pest's native range (Roderick & Navajas, 2003) , and other factors that can influence the success and impact of invading forest insects and their symbionts. To test hypotheses on the source populations, movement patterns, demographic changes and evolutionary trajectories of an invasive insect, researchers often supplement observational data, such as trap capture data in the insect's invasive ranges, with genetic data (Estoup & Guillemaud, 2010) .
The invasive red turpentine beetle (Dendroctonus valens LeConte) is an economically and ecologically important invasive forest insect (Yan et al., 2005) for which the previously collected data may be inadequate to accurately assess its invasion history. The insect was introduced to Shanxi province, China, in the 1980s (Yan et al., 2005; Sun et al., 2013) . Since 1999, D. valens has rapidly expanded its range in China (Fig. 1) , while killing millions of otherwise healthy native pine trees (Yan et al., 2005; Sun et al., 2013) . The aggressive behaviour of D. valens in China is a major behavioural shift, as the beetle primarily colonizes stressed or dying pine trees and is rarely the primary cause of host mortality in its native range in North America ( Fig. 1 ; Owen, Smith & Seybold, 2010) . The aggressive population of D. valens poses a further threat to Eurasia's Figure 1 . Distributions of Dendroctonus valens in China and North America, shown with the sampling locations for this study. Red dashed lines demarcate the eastern and western North American ranges (Taerum et al., 2013) . Circles represent sampling locations, and the colours of the circles represent the population to which the sampling locations belong (based on the genetic clusters shown in Fig. 2 ): brown for the West population, yellow for the Central population, purple for the Northeast population, blue for the Mexico population, and black for the China population. Abbreviations are as follows: AZ, Arizona; CA1, California 1; CA2, California 2; DU, Durango; HI, Hidalgo; ID, Idaho; MA, Massachusetts; MT, Montana; NH1, New Hampshire 1; NH2, New Hampshire 2; OR, Oregon; SH1, Shaanxi; SH2, Shanxi; VT, Vermont; WA, Washington; WI, Wisconsin. extensive pine forests if its invasive range continues to expand .
Historical records suggest that D. valens was introduced to China on untreated timber imported from the western USA (Yan et al., 2005) . Molecular studies using the mitochondrial cytochrome oxidase I (COI) gene as a marker have largely supported a western North American origin, as these studies have concluded that the source of D. valens in China was either the Pacific Northwest (Cognato et al., 2005) or California (Cai et al., 2008) . However, recent surveys of ophiostomatalean (Wingfield, Seifert & Webber, 1993) fungi (Ascomycota: Ophiostomatales) associated with D. valens in China and North America have supported the hypothesis of an eastern North American origin for the bark beetle (Lu et al., 2009a, b; Taerum et al., 2013) . Taerum et al. (2013) Based on the studies by Lu et al. (2009a, b) and Taerum et al. (2013) , L. procerum was the most commonly isolated associate of D. valens in both China (61.0% of the isolates) and eastern North America (45.6%). This commensalist fungus is externally-vectored between pine trees by numerous bark beetle and weevil species, and is considered to be only weakly pathogenic on trees in North America (Jacobs & Wingfield, 2001 ). As L. procerum has never been isolated in western North America and has been reported in China only as an associate of D. valens, this fungus has been hypothesized to have coinvaded China along with D. valens that may have originated from eastern North America (Lu et al., 2011; Sun et al., 2013; Taerum et al., 2013) . Interestingly, L. procerum may be pathogenic on Chinese pines, and has been suggested to contribute to the aggressive behaviour of D. valens in China by causing tree hosts to produce greater quantities of the monoterpene 3-carene, which is a primary attractant of D. valens (Erbilgin et al., 2007; Lu et al., 2011) . The synergy between D. valens and L. procerum in China accentuates the importance of an accurate understanding of the invasion history of D. valens.
The apparent conflict between the molecular studies and the symbiont surveys may be in part due to the fact that eastern North America was under sampled in the molecular studies. Only eight individuals were included from the eastern North American range, specifically from one locality in the US state of Michigan (Cognato et al., 2005; Cai et al., 2008) . Because the range of D. valens in eastern North America extends from the Atlantic coast to the Great Plains ( Fig. 1 ; Owen et al., 2010) , a small number of samples from one location in eastern North America is unlikely to represent the genetic diversity of the bark beetle in eastern North America.
The use of COI as a molecular marker for D. valens is also problematic because ambiguous base pairs are commonly found when sequencing the COI gene of the insect (Cai et al., 2008 (Cai et al., , 2011 S. J. Taerum, unpubl. data) . Cai et al. (2011) common in bark beetle species (Jordal & Kambestad, 2014) , are difficult to detect because they differ from mitochondrial sequences by a small number of base pairs and frequently lack stop codons. NUMT contamination is a serious problem for population genetics studies because NUMT sequences can lead to overestimates of genetic diversity and false phylogeographical inferences (Bertheau et al., 2011) . Although Cai et al. (2008) excluded sequences with ambiguous sites from their analyses, some of the sequences that they included may have been NUMT sequences that amplified more efficiently than the true COI sequences (Bertheau et al., 2011) . Ambiguous base pairs have also been found in other mitochondrial gene regions such as cytochrome oxidase II and cytochrome b (S. J. Taerum, unpubl. data) . This suggests that nuclear markers may be more suitable for testing hypotheses on the population structure and invasion history of D. valens.
Microsatellite markers provide an alternative to mitochondrial sequences to determine the genetic diversity of D. valens and possibly the source of the invasive population in China. These highly variable nuclear markers are effective for estimating population diversities, assessing population structure over geographical ranges (Sunnucks, 2000) , and determining the movement histories of invasive species (e.g. Boissin et al., 2012; Kone cn y et al., 2013) . In addition, microsatellites are not impacted by NUMT contamination. Although results from studies using microsatellite and mitochondrial data are usually congruent, microsatellites can sometimes infer genetic structure and phylogeographical patterns that differ from mitochondrial data (e.g. Borden & Stepien, 2006; Zarza, Reynoso & Emerson, 2011) . Although microsatellites have drawbacks (reviewed in Brito & Edwards, 2008) , these markers might provide a more accurate estimation of the source population and overall invasion history of D. valens in China.
In this study, we used microsatellite markers to discern the genetic diversity and structure of D. valens in its native range in North America and its invasive range in China. We analyzed these data to test the following hypotheses on the source population of D. valens in China: (1) the source was western North America, supporting historical records (Yan et al., 2005) as well as the previous population genetics studies (Cognato et al., 2005; Cai et al., 2008) ; (2) the source was eastern North America, as suggested by the surveys of ophiostomatalean fungi associated with D. valens in China and North America (Lu et al., 2009a, b; Taerum et al., 2013); or (3) the Chinese population was the result of admixture between individuals introduced from both sources.
METHODS

COLLECTIONS
We collected D. valens either by using funnel traps baited with a-pinene or 3-carene to capture adults, or by collecting adults or larvae directly from D. valens' galleries (collection details in Table 1 ). Only one larva was collected from each individual gallery to ensure that siblings were not sampled. Adults collected in traps or galleries were assumed to represent a random sampling of beetles from the area. Beetles were collected from multiple locations in China, Mexico and the USA ( Fig. 1 ; locality information and abbreviations in Table 1 ), and were stored at À20°C or À80°C immediately after collection.
DNA EXTRACTIONS AND MICROSATELLITE
AMPLIFICATION
We extracted DNA using a CTAB protocol modified from M€ uller et al. (1992) . DNA was stored at À20°C until utilization. Thirty three microsatellite markers developed for other Dendroctonus spp. were screened to determine if they were informative for D. valens: eight markers originally developed for Dendroctonus frontalis Zimmerman (Schrey et al., 2007) , 16 for Dendroctonus ponderosae Hopkins (Davis et al., 2009) , and nine for Dendroctonus rufipennis Kirby (Maroja et al., 2007) . Two individuals each from four different sampling locations were selected to screen the markers using unlabeled primers. Polymerase chain reaction (PCR) amplifications were conducted in 12 lL reactions containing 3 lL template DNA, 4.9 lL dH 2 O, 2 lL 59 MyTaq reaction buffer (Bioline, London, UK), 1 lL MgCl 2 (25 mM; Roche, Basel, Switzerland), 0.5 lL of each primer (10 pmol lL À1 ; Inqaba Biotec, Pretoria, South Africa), and 0.1 lL MyTaq (Bioline). PCR conditions were as follows: 96°C for 2 min, followed by 30 cycles of 94°C for 15 s, 54°C or 58°C (depending on the primer pair used; Table 1) for 30 s, and 72°C for 25 s, followed by a final extension step of 72°C for 30 mins. Because D. valens is diploid, the amplicons were cloned into the pGEM-T Vector (Promega, Madison, WI, USA) to separate the two copies of each microsatellite marker. Sequencing reactions were as described by Yin et al. (2015) .
From the 33 screened markers, we selected nine markers for analyses of D. valens populations, because those markers amplified readily, contained microsatellite regions, and were polymorphic in D. valens (Table 2 ; see Results). The same PCR protocol with the labelled primers as with the unlabeled primers was used. Labelled amplicons were scored To test the reliability of the microsatellite markers, we estimated the frequencies of null alleles, the presence of large allele drop-out, and errors due to stuttering using MICRO-CHECKER 2.2.3 (Van Oosterhout et al., 2004) . Deviations from HardyWeinberg equilibrium within each sampling location were calculated and we tested for linkage disequilibrium between loci using GENEPOP 4.2.2 (Rousset, 2008) . Observed and expected heterozygosity of each locus was determined for every location using Arlequin 3.5 (Excoffier, Laval & Schneider, 2005) . Mean F ST and F IS values for each locus were calculated using GenAlEx 6.5 (Peakall & Smouse, 2012 ).
POPULATION STRUCTURE
We tested for population structure using two complementary methods: (1) the software STRUCTURE 2.3 (Pritchard, Stephens & Donnelly, 2000) ; and (2) discriminant analysis of principal components (DAPC) implemented in the R package, adegenet (Jombart, 2008) . STRUCTURE utilizes Bayesian methods to assign individuals to genetic clusters, which can be used to determine putative populations. The software calculates the likelihood that the dataset can be divided into a set number of genetic clusters (i.e. the K-value) that are in Hardy-Weinberg and linkage equilibrium, while assigning individuals within the dataset to one of the clusters, or to multiple clusters if an individual appears to be admixed. In contrast, DAPC uses a multivariate model to assign individuals to clusters whereby the variance among clusters is maximized, and the variance within clusters is minimized. The optimal number of clusters is estimated based on the Bayesian Information Criterion (BIC), which compares the likelihoods of the different K-values within the dataset. Both STRUCTURE and DAPC allow the assignment of individuals with unknown origins to pre-determined genetic clusters, which in this study was used to estimate the ancestry of the invasive D. valens population in China.
STRUCTURE was first used to determine the optimal number of clusters in D. valens' native range in North America (i.e. excluding the Chinese samples). After repeated trials using different model settings, analyses were conducted using an admixture model for ancestry, and a correlated allele frequencies model. One million Markov Chain Monte Carlo (MCMC) replicates followed a burn-in of 300 000, for K-values ranging from one to ten. One hundred iterations were run for each K-value. The STRUCTURE output was submitted to STRUCTURE HARVESTER (http://taylor0.biology.ucla.edu/structureHarvester/; Earl & von Holdt, 2012) , which estimated the most likely K-value for the dataset following the methods described in Evanno, Regnaut & Goudet (2005) . After selecting a range of K-values (see Results), symmetric similarity coefficients were generated and the membership coefficients were averaged among the 100 runs for each selected K-value using CLUMPP 1.1.2 (Jakobsson & Rosenberg, 2007) . Bar charts showing the average membership coefficients were produced using DISTRUCT 1.1 (Rosenberg, 2004) . To test for further subdivisions, the above protocol was The eighth repeat has a G instead of a C based on microsatellite sequences. ‡
The second last repeat has a ATG instead of a AGG motif. § One allele (115 bp) has a two base deletion in the microsatellite flanking region. ¶
The microsatellite in this maker is invariable, and all of the size variation in this locus is due to indels in the flanking region.
run on each individual cluster. This was repeated until there was no evidence of further subdivisions. For comparison with the STRUCTURE results, we used DAPC to identify the optimal number of genetic clusters to which D. valens from North America can be assigned. Data were transformed using principal component analyses (PCA), after which the likelihoods of the different K-values were compared using BIC. The optimal number of principal components to retain was determined by generating an a-score plot. After selecting a suitable range of K-values, DAPC was used to assign individuals to K clusters and to generate membership probabilities. DISTRUCT was used to generate bar charts showing the membership probabilities of individuals within genetic clusters.
After selecting the K-value that best explained the geographical subdivision of the North American dataset (K = 4; see Results) we assigned individuals from China to the North American clusters using STRUC-TURE and DAPC. The North American individuals were first pre-specified into the geographical populations determined when K = 4. The USEPOPINFO model in STRUCTURE was then run to assign the genotypes of D. valens collected in China to the North American clusters, thereby estimating the origin of the Chinese population. STRUCTURE was run using the same ancestry and allele correlation models as above, along with the same number of burn-in and MCMC replicates, for 100 iterations. Average membership coefficients for the Chinese population were determined using CLUMPP, and visualized using DISTRUCT. STRUCTURE was also run using the above model parameters on the Chinese individuals alone to test for subdivision within China.
We then used the adegenet package to assign the Chinese individuals to the pre-determined North American genetic clusters. The DAPC analyses were run on the North American dataset to generate a clustering model. The Chinese D. valens population was then added as supplementary individuals, and the North American clustering model was used to assign the Chinese individuals to North American genetic clusters. Bar charts showing the membership probabilities were obtained using DISTRUCT.
GEOGRAPHICAL PATTERNS AND DIVERSITY
Diversity indices were calculated for each sampling location using PopGene 1.31 (Yeh et al., 1997) . In addition, differentiation among sampling locations was determined by calculating pairwise F ST values following Weir & Cockerham (1984) using the R packages diveRsity (Keenan et al., 2013) . Bias-corrected 95% confidence intervals around the F ST values were calculated from 1000 bootstrap replicates. Diversity indices and pairwise F ST values were also calculated on the geographical populations determined by STRUCTURE and DAPC at K = 4 (see Results).
To test for geographical patterns in the data, Nei's unbiased genetic distances among sampling locations were determined using GenAlEx. Principal coordinate analyses (PCoA) were conducted to visualize the distance data.
INVASION HISTORY
To determine the most likely source (or sources) of D. valens in China, the probabilities of potential invasion scenarios were compared using approximate Bayesian computation (ABC; Beaumont, Zhang & Balding, 2002) . Analyses were conducted using the software DIYABC 2.0.4 (Cornuet et al., 2014) . This coalescent-based software makes it possible to define and compare a number of hypothetical demographic and evolutionary scenarios that may explain how present day populations of a study species arose from a single ancestral population. DIYABC generates simulated datasets for each scenario, and compares selected summary statistics (in this study: NAL, HET, VAR, N2P, H2P, V2P, FST; see DIYABC user manual for descriptions of each statistic) of the actual dataset to the simulated datasets in order to calculate the posterior probabilities of the different scenarios. In addition, the ABC approach allows for the estimation of parameters that are relevant to the scenarios, such as the effective population sizes of the populations examined, the numbers of generations in the past at which historical events (i.e. changes in effective population size, divergence events or admixture between populations) occurred, rates of admixture between populations, and the mutation rates of loci examined. DIYABC software also makes it possible to scrutinize the analyses through model checking and evaluation of confidence in scenarios.
DIYABC analyses were conducted using eight of the microsatellite loci, because one of the loci (DV-11; Table 2 ) did not vary in size because of variation in the microsatellite region. DIYABC requires that size variation be in the microsatellite region for estimates of mutation rates. In the analysis, separate mutation rates were obtained for markers with diand tri-nucleotide repeats. The ranges of the parameter prior distributions for the analyses are listed in Supporting Information (Table S9) .
A step-wise approach was used to determine the most likely invasion history of D. valens in China using DIYABC. In the first step, we compared five different scenarios regarding the most likely origin of the majority of D. valens that invaded China. The North American dataset was divided into four genetically and geographically distinct populations based on the results of the clustering analyses: West, Central, Northeast, and Mexico ( Fig. 2; see Results). Because the relationships between the four populations were indeterminate, the four populations were assumed to have arisen at the same time as a polytomy from an ancestral population in all scenarios. The scenarios are listed in Supporting Information (Table S8 ).
In the second step, we built upon the best (i.e. the most probable) scenario from the first step. Four scenarios were compared to test the hypothesis that the population in China arose from admixed North American populations. In scenario 1.1, the invasive population arose only from the source with the highest probability (the West; see Results) in step one, while in the remaining scenarios the invasive population arose from admixture between the source with the highest probability and another population (Table S9) .
After the best scenario(s) was determined in step two, the means, medians, modes and 95% confidence intervals of the parameters were estimated. Because D. valens has between one and three generations per year (depending on ambient temperature; Sun et al., 2013; Yan et al., 2005) , a possible range of times in years was estimated for the timing of the historical events.
The type I and II errors were calculated for the best scenarios in each step to evaluate the confidence in scenario choice. Five hundred datasets were simulated for each scenario. The proportion of times the selected scenario did not have the highest posterior probability when it was in fact the true scenario (i.e. type I error) was calculated, along with the number of times the selected scenario had the highest posterior probability when it was in fact the false scenario (type II error). In addition, model checking was conducted using summary statistics that were not utilized in the initial analyses (MGW, LIK, DAS, DM2, AML; see DIYABC user manual). Model checking is a way to test the goodness-of-fit of a model (i.e. scenario) by comparing the observed dataset with the posterior predictive distribution of the scenario model (Cornuet, Ravign e & Estoup, 2010) .
RESULTS
COLLECTIONS
In total, 464 D. valens specimens were collected: 50 from Mexico (see Table 1 for breakdown by sampling location), 352 from the USA, and 62 from China.
MICROSATELLITES
Of the 33 microsatellite markers screened, nine loci were polymorphic based on size (Table 2 ; GenBank accession numbers KU183606-KU183614). One locus (DV-11) varied in size because of insertions in the flanking regions rather than in the microsatellite. However, this marker was retained for the majority of analyses because it remained informative (F ST = 0.1660). In addition, an allele of DV-05 had a single base deletion in the flanking region. Finally, an allele of DV-10 had a two base deletion in the flanking region. In the remaining loci, all of the size variation was due to repeat variation in the microsatellite region.
Six loci (DV-01, DV-04, DV-05, DV-07, DV-09 and DV-11) violated the assumption of Hardy-Weinberg equilibrium in at least one of the 16 sample locations (Table S1 ). In addition, there was evidence of null alleles in at least one sample location for four markers (DV-01, DV-05, DV-09 and DV-11), and scoring error due to stutter in at least one sample location for three markers (DV-01, DV-05 and DV-11) based on MICRO-CHECKER. However, the violations of Hardy-Weinberg equilibrium were minor, and the proportions of predicted null alleles were small. In addition, microsatellites were scored a second time to ensure that no scoring errors occurred because of stuttering. None of the pairs of loci showed linkage disequilibrium (at P < 0.01).
CLUSTERING
According to the DK-value (Evanno et al., 2005) , the most likely number of genetic clusters based on STRUCTURE analyses of D. valens in North America was three (Fig. S1 ). However, there was a relatively small range in DK between K = 2 and 5. In addition, the plot of the posterior probabilities, or L (K), for each K-value did not plateau until K = 5 (Fig. S1) . We, therefore, analyzed the dataset at all four K-values from 2-5. The symmetric similarity coefficients between STRUCTURE runs were larger than 0.90 from K = 2-5, therefore all runs were included in the subsequent analyses.
For the DAPC analyses, we determined that the K-value with the lowest BIC was 11 (Fig. S2A) , and retained 24 principal components based on the ascore plot (Fig. S2B) . The optimal K-value was not clear based on the relationship between K and BIC, therefore, a range of K-values from K = 2 (the lowest number of clusters tested with STRUCTURE) to K = 5 (the point at which BIC stops sharply declining with additional genetic clusters) were selected. The mean membership coefficients from STRUC-TURE and the mean membership probabilities from DAPC at each sampling location are summarized for each K-value in Supporting Information (Table S2) .
After comparing the analyses from STRUCTURE and DAPC (summarized for K = 2-5 in Fig. S3 ), we selected four as the most likely number of genetic clusters of D. valens in North America. There was no evidence for further subdivision based on STRUC-TURE analyses (Fig. S4) . The four genetic clusters (represented by yellow, purple, brown, and blue bars) largely supported four geographically distinct populations: the West population (which was largely assigned to the brown cluster) contained the individuals from AZ, CA1, CA2, ID, MT, OR, and WA, the Central population (yellow cluster) contained the individuals from WI, the Northeast population (purple cluster) contained the individuals from MA, NH1, NH2 and VT, and the Mexico population (blue cluster) contained the individuals from DU and HI. The mean membership coefficients and membership probabilities for each population, as well as the percentages of individuals from each population that were clearly assigned (i.e. the membership coefficients or membership probabilities > 0.8) or mostly assigned (the membership coefficients or membership probabilities > 0.5) to each cluster are given in Supporting Information (Table S3 ).
Using the above genetic groupings, STRUCTURE clearly assigned 24.2% of individuals from China to the brown cluster (Fig. 2, Table S3 ), while it assigned 11.3% of individuals to the yellow cluster. No individuals were clearly assigned to the purple or blue clusters. The average membership coefficients within the China population were most similar to those from the West population as the average membership coefficients were 0.523 for the brown cluster (compared with 0.532 in the West population) and 0.332 for the yellow cluster (compared to 0.339 in the West population). In contrast, DAPC clearly assigned 53.2% of the individuals from China to the yellow cluster, while it assigned 21.0% to the brown cluster. The average membership probabilities of the China population were intermediate between the West and Central populations as they were 0.586 for the yellow cluster (compared with 0.379 in the West and 0.775 in the Central population) and 0.285 for the brown cluster (compared with 0.482 in the West and 0.008 in the Central population). There were no subdivisions within the China population based on STRUC-TURE (Fig. S4) .
GEOGRAPHICAL PATTERNS AND DIVERSITY
The West population had the largest mean number of alleles (N A = 6.778; Table 3), followed by the Northeast, Mexico, China, and Central populations. In addition, the West population had the highest mean expected heterozygosity (H E = 0.55677), followed by the Mexico, Central, China, and Northeast populations. Diversity indices of sampling locations are summarized in Supporting Information (Table S4 ).
All of the alleles found in the China populations were also present in the West population (Table S5) , while fewer alleles were shared between China and the Northeast (79.5% of alleles present in China were also present in the Northeast), Mexico (74.4%) and Central (64.1%) populations. Within China, SH1 and SH2 shared 25 alleles (Table S6) , while 13 alleles were found only in SH1 and one allele was found only in SH2.
Based on pairwise F ST values, the China population was the least differentiated from the West population (F ST = 0.0551; Table 4), followed by the Within the China population, the genetic differentiation between sampling locations was low as the pairwise F ST between SH1 and SH2 was 0.0239 (Table S7) . Within the Northeast population and within the West population, the majority of pairwise F ST values were < 0.0100. The major exceptions were the pairwise F ST values between AZ and the other sampling locations within the West, as the pairwise F ST values ranged from 0.176 (AZ and MT) to 0.0448 (AZ and CA1). Within the Mexico cluster, the pairwise F ST value between DU and HI was 0.0460.
The PCoA analyses supported the geographical clustering of STRUCTURE and DAPC, as well as the pairwise F ST values (Fig. 3) . The sampling locations within the Northeast population were well separated from the remaining sampling locations based on the first principal coordinate (which explained 46.6% of the total variation), the sampling locations within the Mexico population were well separated from the others based on the second principal coordinate (36.1%), and the sampling location within the Central population was well separated from the others based on the third principal coordinate (8.7%). The samples from China were closest to the West population based on all three principal coordinates.
INVASION HISTORY
In step one, scenario 1 (i.e. the China population originated from the West population) had the highest posterior probability (P = 0.9675, 95% CI = 0.9479-0.9870; Table S8 ). In step two, scenario 1.1 (i.e. no admixture occurred) had the highest posterior probability (P = 0.5103, 95% CI = 0.4170-0.6035). However, scenario 1.2 in step two (i.e. the population in China was the result of admixture between the West and Central populations) had a fairly high posterior probability (P = 0.3926, 95% CI = 0.2913-0.4940).
The mean, median and mode of the posterior probability distributions of most parameters in the best scenario for step two (scenario 1.1) were very similar, except for the estimates of the effective population size of the ancestral population (AN; the estimated parameters are listed in Table S9 ). The West population had the highest estimated effective population size, followed by the Northeast, Mexico, Central, and ancestral populations respectively. The introduction to China was estimated to have occurred 226 generations ago (95% CI = 40.2-385). The estimated time range for the invasion of China by D. valens was between 75 (95% CI = 13-128) and 226 (95% CI = 40.2-385) years ago. The parameter estimates were very similar between scenarios 1.1 and 1.2. The admixture rate from the West cluster was estimated to be 0.840 (95% CI = 0.460-0.970), suggesting that the admixture rate from the Central cluster was 0.160. In step one, the best scenario (scenario 1) had low type I and type II errors (0.088 and 0.009 respectively), supporting its selection as the most probable scenario. However, in step two, the best scenario (scenario 1.1) had a fairly high type I error (0.212), suggesting that when the best scenario was simulated, there was a reasonably good chance that a different scenario would be selected. Scenario 1.1 had a low type II error (0.085).
Based on model checking for the scenario selected in step two, only three out of 96 statistics had an excessively low probability (Table S10 ). In addition, according to the model checking principal component analysis plot, the actual dataset was close to the middle of the group of datasets predicted from the posterior distribution (Fig. S5) . The best scenario therefore appeared to fit the observed data.
DISCUSSION
The results of this study show that the main source of D. valens in China is most likely the West population sampled in western North America. These results, based on an extensive sampling of D. valens, generally support the conclusions of Cognato et al. (2005) and Cai et al. (2008) , as well as historical records of timber imports into China (Yan et al., 2005) . The results also reveal that the native range of D. valens can be divided into at least four genetically and geographically distinct clusters.
The China population of D. valens had lower diversity than the West population, which is consistent with most invasive populations that have undergone a genetic bottleneck (Estoup & Guillemaud, 2010) . A similar bottleneck was detected by Cai et al. (2008) . Interestingly, the results of the present study showed the diversity of the China population was high relative to the other invasive populations, suggesting that the founding population was large, or that the invasive population is the result of multiple introduction events. Within China, the two sampling locations were somewhat differentiated based on pairwise F ST values. This could be evidence of gene surfing (Hallatschek & Nelson, 2008) following the range expansion of the beetle after its introduction.
The population of D. valens from western North America is the most parsimonious source of the insect in China because the majority of exports from North America to Asia are shipped from western North America. However, this study did not disprove the possibility that some invasive propagules could have originated from an additional population. Direct trade also occurs between China and both eastern North America and Mexico. In addition, substantial trade occurs within North America. Logs from eastern North America or Mexico that were infested with D. valens could have been moved to China via western North America. If admixture occurred between beetles from genetically distinct populations, this would have contributed to the high genetic diversity of D. valens in China relative to the Northeast, Central, or Mexico populations. However, previous breeding experiments with D. valens have shown that although D. valens from eastern North America (specifically from New York state, which we predict is part of the Northeast population) will readily mate with D. valens from western North America (from Arizona and California), the beetles will not produce brood, at least under the experimental conditions used in the breeding study (Pajares & Lanier, 1990) . The results of Pajares & Lanier (1990) suggest that admixture between the different populations is unlikely, although their experiments did not include beetles from the Central or Mexico populations.
The introduction of beetles from the Central or Northeast populations along with beetles from the West would provide a possible explanation for the association between D. valens and L. procerum in China. This is because L. procerum is associated with the beetle in both the Central and Northeast populations (Taerum et al., 2013) . The membership probabilities of the Chinese population based on DAPC could indicate that admixture occurred between the West and Central populations. This is because the membership probabilities of D. valens in China for the brown and yellow clusters were intermediate between the West and Central populations (Table S3 ). In addition, the DIYABC scenario where admixture occurred between the West and Central populations to form the China population (step two, scenario 1.2) had relatively strong support. However, the strong support for this scenario could have arisen from the fact that the West and Central populations are genetically similar. Alternatively, if the source population for D. valens was the West population as this study suggests, the observed membership probabilities in China, as well as the non-negligible support for scenario 1.2, could be due to genetic drift. Even if the D. valens population currently in China originated entirely from the West population, we cannot discount the possibility that some D. valens were introduced from eastern North America carrying spores of L. procerum. A small number of beetles may have originated from eastern North America, after which the fungus might have undergone a vector jump onto D. valens originating from the West.
If introductions from the eastern North American range did not occur, alternative explanations for the association between D. valens and L. procerum in China must be considered. For example, L. procerum may in fact be present in western North America, but is rare or absent in the locations from which D. valens was collected in the study by Taerum et al. (2013) . However, if L. procerum is an infrequent associate of D. valens in western North America, it seems unlikely that this fungus would have successfully co-invaded China rather than more common fungal associates of D. valens from western North America. For example, Leptographium sp. 1 and Ophiostoma sp. 1 made up 36.3% and 33.1% respectively of the fungi isolated from D. valens in western North America but they have not been found associated with the insect in China. This is unless L. procerum has a greater level of fitness in China's forests relative to the other fungal associates.
Another possible explanation for the association between D. valens and L. procerum in China is that L. procerum was already present in China, and made a host jump onto D. valens after the beetle became established in China. Although L. procerum has never been reported from China except as a symbiont of D. valens (Lu et al., 2009a, b) , several species in the L. procerum species complex appear to be indigenous to Asia. This suggests that the continent may be the centre of diversity for the species complex (Yin et al., 2015) , and potentially the origin of L. procerum. In addition, the surveys in China have tended to focus on associates of especially damaging forest insects (Zhou, De Beer & Wingfield, 2013) , while L. procerum is more commonly associated with relatively non-aggressive bark beetles (Jacobs & Wingfield, 2001) .
Some putative isolates of L. procerum have been identified in Europe and Japan (Jankowiak, 2012; Masuya, Yamaoka & Wingfield, 2013) . Most studies have based identifications on morphology and/or the internal transcribed spacer sequence, which is invariable for most species within the L. procerum species complex (Yin et al., 2015) . However, recent studies have confirmed the presence of L. procerum in Poland by using sequences of the beta-tubulin region (Jankowiak & Bila nski, 2013a, b, c) , which is sufficient to differentiate L. procerum from the other fungi in the L. procerum species complex. Additional surveys of ophiostomatalean fungi associated with bark beetles in Asia and North America, as well as population genetics analyses on the currently collected fungi may help clarify the origin of L. procerum associated with D. valens in China.
This study presents evidence that the North American range of D. valens can be divided into at least four geographically and genetically distinct populations. More populations may exist, especially in areas that were unsampled in this study such as Canada, Central America, and the southern Appalachian mountains. The West population was the most diverse, supporting the findings of Cai et al. (2008) . Our estimation of population diversity may have been biassed for the West population because this population included the most sampling locations (nine) and covered the largest geographical range. However, the diversities of individual sampling locations tended to be higher within the West than within other populations supporting a higher overall diversity within the West population compared with other populations.
The results of this study supported the existence of barriers to gene flow between the four populations. The two nearest sampling locations in the Mexico (DU) and West (AZ) populations are separated by the Sierra Madre Occidental mountain range, which has been demonstrated to be a barrier to gene flow for other species (Pfeiler et al., 2013; Ruiz-Sanchez & Specht, 2013) . This finding is largely in agreement with the results of Cognato et al. (2005) and Cai et al. (2008) , as their studies supported the placement of most D. valens haplotypes from Central and southern Mexico into separate clades from the other populations. Additional collections of D. valens between the two locations are required to determine the exact location of the boundary between the two populations, and if any admixture occurs between the West and Mexico. In addition, additional collections within Central and southern Mexico are required to adequately understand the diversity of D. valens in this location.
Surprisingly, the Northeast population of D. valens was very divergent from the Central population, despite the presence of pine forests connecting the two populations. The high differentiation between the two populations may be due to colonization from different glacial refugia. Similar patterns of divergence have been observed with other organisms in eastern North America (e.g. Zamudio & Savage, 2003; Griffin & Barrett, 2004 because of colonization from different refugia around the Appalachian mountains. The two populations may be genetically incompatible due to isolation, and restricted to their ranges by competitive exclusion or adaptation to specific hosts or other environmental conditions. Additional samples collected between WI and the sampling locations within the Northeast population will clarify the boundary between the two populations. Alternatively, the two populations may be highly differentiated because they represent collections from different edges of the eastern North American range, in which case the observed geo-graphical structure may be due to a high level of isolation by distance. Samples collected between the two populations should therefore have intermediate genotypes to the ones observed in the range edges. This is an unlikely explanation, however, as the Northeast and Central populations showed very high genetic divergence relative to the furthest apart sampling locations in the West population (AZ and WA), which were separated by a comparable distance (~1500 km).
The relatively low divergence between the West and Central populations, despite their separation by the Great Plains was unexpected. The Great Plains has been demonstrated to act as a barrier to gene flow for other species of forest inhabiting organisms (Hamelin et al., 2000; Kelly & Hutto, 2005) . However, the study results may indicate gene flow between the two locations. This appears to contradict the findings of Cognato et al. (2005) and Cai et al. (2008) , who indicated a high degree of divergence between the mitochondrial sequences of their samples from western North American and Michigan, which is relatively close (~400 km) to our collection site, WI. It is unknown whether beetles from their Michigan site and our WI sampling location belong to the same population based on shared mitochondrial sequences and microsatellite genotypes, or if the two locations are separated by a barrier to gene flow. Additional analyses of both the mitochondrial and microsatellite diversity of D. valens in and around WI are needed to clarify the diversity of the Central population.
Dendroctonus valens from the West and Central populations may be genetically similar because of migration across the Great Plains, as bark beetles can be moved long distances by wind (Byers, 2000) . In addition, small plots of pine trees or other conifers in the Great Plains may act as a corridor between the two populations. Also, the Boreal Forest may be a corridor between the two populations. Another possible explanation for the genetic similarity between the West and Central populations is that D. valens from one population was introduced to the other via the movement of plant material by humans. The accidental transport of forest insects within North America has been observed before, as human movement of fire wood has greatly contributed to the range expansion of the emerald ash borer (Poland & McCullough, 2006) . Human movement of woody material has already resulted in the successful establishment of a highly diverse D. valens population in China (Table 3) . It is thus not inconceivable that one of the observed D. valens populations in North America was recently established from a population elsewhere in the country. Finally, the genetic similarities between the West and Central populations could be due to recent divergence, if the two populations were established, for example, from the same glacial refugia. Coalescent analyses would help clarify the genetic divergence between D. valens populations in the West and Central populations, as well as the evolutionary history of the bark beetle in North America in general.
This study generally supported the previous population genetics studies on D. valens in concluding that western North America (specifically the West population) is the source of the beetle in China, while providing more data on the diversity of the insect in China. The results suggest that the West population is a potential source for future invasions, along with the individuals already present in China. In addition, our findings provided details regarding the diversity and genetic structure of D. valens in North America. The geographical patterns observed in North America are most likely the result of geographical barriers to gene flow combined with recolonization from distinct glacial refugia. Future work should aim to clarify the origin of the fungal symbiont, L. procerum, associated with D. valens. Additional research should be conducted on D. valens in North America to expand the available body of knowledge regarding the evolutionary history of this insect within its native range.
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Additional Supporting Information may be found in the online version of this article at the publisher's website: Figure S1 . Variation in DK and log probabilities over different K-values (numbers of genetic clusters) based on STRUCTURE analyses of the North American dataset of D. valens. DK-values are represented by brown circles, and log probabilities are represented by blue bars. Figure S2 . Plots for optimal model selection in the discriminate analysis of principal component analysis using the Dendroctonus valens dataset for North America. A, the BIC plot used to select the optimal number of clusters. B, the a-score plot used to select the optimal number of retained principal components. Figure S3 . Bar plots of the average membership coefficients (STRUCTURE) and the membership probabilities (DAPC) of the Dendroctonus valens individuals collected in North America. K-values between two and five are shown. The genetic clusters are represented by purple bars, brown bars, blue bars, yellow bars, and grey bars. Figure S4 . Bar plots of the average membership coefficients for each geographical population (see Results, Fig. S3 ) at K = 2. Figure S5 . Principal component analysis plot of the model checking analysis for scenario 1.1. The two principal components with the majority of the variation are shown. The large yellow circle represents the actual dataset. The small hollow green circles represent the simulated datasets based on the prior distributions. The large solid green circles represent the simulated datasets based on the posterior distributions. Table S1 . Summary statistics of the microsatellite markers in each sampling location. Bolded text indicates a sampling location-marker combination that violates the Hardy-Weinberg equilibrium. Subscript 'A' indicates sampling location-marker combination shows evidence of null alleles based on homozygote excess. Subscript 'B' indicates sampling location-marker combination shows evidence of scoring error due to stuttering. Table S2 . Average membership coefficients (STRUCTURE) and membership probabilities (DAPC) for each sampling location in North America at the different K-values between two and five. SD, standard deviation. Table S3 . Average membership coefficients (STRUCTURE) and membership probabilities (DAPC) for each population at K = 4, followed in brackets by percentages of the individuals within the populations that were clearly assigned (i.e. membership coefficient or memberships probability > 0.8) or mostly assigned (membership coefficient or memberships probability > 0.8) to a cluster. Table S4 . Diversity statistics for the different sampling locations within this study. A, mean number of alleles; EA, effective number of alleles; H, Shannon's information index; ML, monomorphic loci; PA, private allele; H o , observed heterozygosity; H e , expected heterozygosity; SD, standard deviation. Table S5 . Allele frequencies within each Dendroctonus valens population. Rows highlighted in grey indicate alleles that are present in China. Table S6 . Allele frequencies within each sampling location. Rows highlighted in grey indicate alleles that are present in China. Table S7 . Pairwise F ST values among sampling locations following Weir & Cockerham (1984) . The upper right corner shows the 95% confidence intervals. Table S8 . The posterior probabilities with 95% confidence intervals of each scenario tested in steps 1 and 2. Table S9 . Ranges of parameter priors and posterior estimates of parameter values for scenarios 1.1 and 1.2 in step two. AN, the effective population size (Ne) of a hypothetical ancestral population for all of the populations in North America; CH, the Ne of the China population; WE, the Ne of the West population, CT, the Ne of the Central population; NE, the Ne of the Northeast population; MX, the Ne of the Mexico population; t1, the time at which the four North American populations diverged from an ancestral population; t2, the time at which the China population originated from the West population (in scenario 1.1) or the time at which the China population resulted from admixture between the West and Central populations (scenario 1.2); r1, the percentage of admixture from the West population in scenario 1.2; l1, the mutation rate of the microsatellites with tri-nucleotide repeats; l2, the mutation rate of the microsatellites with di-nucleotide repeats. Table S10 . Summary statistics used in model checking of selected scenario. Observed values are given, along with probabilities that simulated < observed, calculated from 10 000 simulated data sets. Statistics where P < 0.05 or > 0.95 are shown in bold.
